I
L-17 is a potent inducer of inflammation by triggering the release of cytokines and chemokines from a broad range of stromal cells (1) . Through its regulation of proinflammatory gene expression, IL-17A has the capability to recruit neutrophils (2) and to promote antimicrobial protein synthesis (3) . Until now, six structurally related isoforms for IL-17 (IL-17A, B, C, D, E, and F) have been identified and grouped into the IL-17 cytokine family (4 -6) . Among them, IL-17F has the highest homology with IL-17A. Both IL-17A and IL-17F are active as homodimers and can form biologically functional IL-17A/IL-17F heterodimers (7) . IL-17A and IL-17F are produced by CD4 ϩ T cells, ␥␦ T cells, NKT cells, NK cells, CD8 cells, neutrophils, and eosinophils (1, 8 -13) . IL-17A-producing CD4 ϩ T cells, defined as Th17 cells, have been recently identified as a distinct Th cell lineage (14) , which differentiates upon stimulation from naive CD4 ϩ T cells in presence of TGF-␤ and IL-6 (15) (16) (17) . Maintenance of Th17 cells requires in addition IL-23 (18) , and they express the lineage-specific transcription factor ROR␥t (19) . In contrast, Th1 cell differentiation requires IL-12 and the expression of the transcription factor T-bet (20) , while Th2 cells are dependent on IL-4 and the expression of GATA-3 (21) . The existence of Th1/17 cells, producing both IL-17A and IFN-␥, suggests that commitment to a specific effector type might be more flexible than previously assumed.
Th17 cells have been linked to the pathogenesis of several inflammatory (22, 23) and autoimmune diseases (24 -26) and therefore they are under intense investigation. Although reporter lines allow tracking of Th17 cells in mice, human Th17 cells are currently identified ex vivo by intracellular IL-17 expression, which does not allow further functional analysis. Alternatively, Th17 cells can be differentiated in vitro from naive CD4 ϩ T cells using combinations of cytokines, but culture conditions may change their properties.
We report in this study the unambiguous identification of Th17 cells by the expression of surface IL-17A. Using surface IL-17A as a marker, we could phenotypically characterize ex vivo human Th17 cells and generate Th17 and Th1/17 T cell clones (TCC). 3 Furthermore, we show for the first time in human cells the plasticity of the Th1/17 cells in response to the cytokine milieu.
Materials and Methods

Cells
Peripheral blood was taken from healthy donors after informed consent under a protocol approved by the local ethics committee. CD4 ϩ cells were isolated (Ͼ95% purity) from PBMC by negative selection using the CD4 ϩ T Cell Isolation Kit II (Miltenyi Biotec) according to manufacturer's instructions. Th1 and Th17 TCC were generated from PBMC by limiting dilution (27) . Clonality was assessed by TCR V␤-chain staining (28) . For the isolation of surface IL-17A ϩ cells, CD4 ϩ T cells were stimulated with 50 ng/ml PMA and 1 g/ml ionomycin for the indicated time period, stained with anti-IL-17A Alexa647 (eBio64DEC17, eBioscience), and FACS sorted or isolated using anti-Cy5/Alexa Fluor 647 Microbeads (Miltenyi Biotec). To induce a Th17 response, C57BL/6 wild-type or IL-17R-deficient mice (29) (provided by Amgen) were immunized with 200 g MOG (NeoMPS) in CFA supplemented with 4 mg/ml Mycobacterium tuberculosis H37RA (Difco Laboratories), followed by injection of 300 ng pertussis toxin (Sigma-Aldrich) at the time point of immunization and repeated 2 days later. After 12 or 25 days, CD4 ϩ T cells were isolated from spleen and from the spinal cord and brain of the immunized mice as described before (30) by magnetic isolation (Miltenyi Biotec) and used for staining. All experiments involving animals were performed according to the German animal protection act and have been approved by local authorities.
Flow cytometry
The following anti-human Abs were used: anti-CD4 Pacific Blue (clone MT310, DakoCytomation), anti-IFN-␥ PE, (clone 4S.B3), anti-IL-17A Alexa647 (clone eBio64DEC17), anti-IL-17F PE (clone SHLR17), anti-ICOS FITC (clone ISA-3), anti-CD25 PE (clone 12-1278-73), anti-CD28 PE-Cy7 (clone CD28.2), anti-CD39 PE-Cy7 (clone 25-0399), anti-programmed cell death 1 (PD-1) FITC (clone U116), CD127 PE (clone 12-1278-73), CD45RO FITC (clone 11-0457-73) (all eBioscience), anti-CD6 FITC (clone 559491), anti-CCR6 PE (clone 11A9), anti-CTLA-4 PE (clone BNI3), anti-CD2 FITC (clone RPA-2.10), anti-CD25 PE (clone M-A251), anti-CD5 FITC (clone UCHT2), anti-CD62L PE (clone L48), antiCD49d PE (clone 9F10), anti-CD28 PE (clone 555432), anti-CD14 Pacific Blue (clone 558121), anti-CD122 PE (clone 554525), anti-CD132 PE (clone 555900), anti-CD161 PE (clone HP-3G10) and isotype-matched control mAbs (all BD Biosciences), anti-IL-17R PE (clone 133617), anti-CCR4 FITC (clone 205410), anti-CCR5 PE (clone 45531) (all R&D Systems), and anti-CD27 Alexa750 (clone MHCD2727, Caltag). For the mouse staining protocol, we used anti-CD4 PE (GK1.5), CD11b FITC (M1/70), CD45 PE-Cy7 (30-F11), and anti-IL-17A Alexa647 (eBio17B7, all eBioscience).
For assessment of surface expression, cells were stained at different time points after PMA/ionomycin stimulation. For intracellular cytokine staining (ICS), cells were stimulated with PMA/ionomycin in the presence of brefeldin A (10 g/ml, eBioscience) for 6 h and subsequently fixed and permeabilized with the corresponding buffers (eBioscience). Samples were analyzed in the LSRII flow cytometer using the DiVa software (BD Biosciences), and results were evaluated using the FlowJo software (Tree Star). The resulting mean fluorescence intensity (MFI) was obtained after subtracting the MFI of the isotype control from the MFI of the Ab of interest. For cell sorting we used a FACS Aria (BD Biosciences).
Expansion of surface IL-17A
ϩ cells MACS-or FACS-sorted surface IL-17A ϩ and surface IL-17A Ϫ cells were cultured as a bulk in X-VIVO 15 or IMDM supplemented with 5% human serum, respectively, for 10 to 14 days. IL-17A production was assessed by ICS 10 days after each restimulation and the supernatants monitored by ELISA (human IL-17A ELISA kit, eBioscience).
Generation and plasticity analysis of Th1/17 cells
CD4
ϩ T cells were stimulated 6 h with PMA/ionomycin and subsequently stained with anti-IL-17A Alexa647. Surface IL-17A Ϫ , IL-17A int , or IL-17A high CD4 ϩ T cells were sorted at one cell per well onto 96-well culture plates containing IMDM supplemented with 5% human serum, 20 U/ml hrIL-2 and irradiated autologous PBMC (FACSAria, BD Biosciences). Cells were restimulated every second week. Cytokine production and clonality were assessed by ICS and TCR V␤ staining, respectively. To assess the plasticity of the mixed clones, 2 ϫ 10 4 cells were cultured in X-VIVO15 with 2.5 g/ml PHA (Sigma-Aldrich) and irradiated feeder cells in the presence of 50 ng/ml human rIL-12 or rIL-23 (both R&D Systems). After 7 days, production of IFN-␥ and IL-17A was assessed by ICS.
RT-PCR
RNA was isolated from magnetic bead-isolated IL-17A Alexa647 ϩ (containing surface IL-17A ϩ CD4 ϩ cells) and Alexa647 Ϫ (containing surface IL-17 Ϫ CD4 ϩ cells) fractions or from Th17, Th1, and Th1/17 TCC after overnight PMA/ionomycin stimulation. After reverse transcription, gene expression was analyzed by real time-PCR (ABI Prism 7900, Applied Biosystems). The following primer and probe sets were purchased from Applied Biosystems: T-bet (TBX21 Hs00203436_m1), ROR␥t (RORC2 Hs01076112_m1), GATA-3 (Hs00231122_m1), FOXP3 (Hs01085834_m1), IL-17A (Hs99999082_m1), and IL-23R (Hs00332759_m1), IL-17R (Hs01064648_m1). Primer pairs for the other genes are as follows: TGF-␤ for 5Ј-GCCCTGGACACCAACTATTG-3Ј; TGF-␤ rev 5Ј-CTGGTCCAG GCTCCAAAT-3Ј, and IFN-␥ for 5Ј-TTCAGCTCTGCATCGTTTTG-3Ј; IFN-␥ rev 5Ј-CTTTCCAATTCTTCAAAATGCC-3Ј. Samples were run in duplicates, 18S rRNA was used as endogenous control and the relative gene expression was calculated by the ⌬⌬Ct method using CD4 ϩ T cells as calibrator.
Surface biotinylation and Western blot
Purified CD4
ϩ T cells were stimulated overnight with PMA/ionomycin. Cells were then washed with PBS and surface molecules were first biotinylated and subsequently isolated using the cell surface protein isolation kit (Pierce) according to the manufacturer's protocol. Collected fractions, eluate (biotinylated proteins), and flow-through (intracellular proteins) were separated by SDS gel electrophoresis under reducing conditions and blotted onto polyvinylidine difuloride membrane. Membranes were incubated with polyclonal rabbit anti-IL-17A and anti-IL-17F (both PeproTech), mouse anti-GAPDH (6C5, Abcam) overnight at 4°C, followed by antirabbit or anti-mouse HRP-coupled secondary Ab (Sigma-Aldrich), respectively. Nonbiotinylated cell lysates and human rIL-17A and rIL-17F (both PeproTech) were used as controls. Blots were developed using the ECL Plus system (Amersham Biosciences).
Prediction of transmembrane domains
Transmembrane prediction using hidden Markov models (TMHMM) (31) and membrane protein identification without explicit use of hydropathy profiles and alignments (MINNOU) (32) were used to predict transmembrane domains. The sequences used were AAH67505 for IL-17A and AAH70124 for IL-17F. 
Statistical analysis
Results
A CD4
ϩ T cell subset and Th17 TCC express IL-17A on the cell surface upon stimulation Although trying to identify human IL-17A-producing CD4 ϩ T cells using a cytokine-capture/detection system, we observed that the anti-IL-17A detection Ab was binding to ϳ1% of CD4 ϩ T cells even in the absence of the capture anti-IL-17 Ab, indicating that IL-17A was expressed on the membrane of some activated CD4 ϩ T cells. To verify this finding, we stimulated purified CD4 ϩ T cells with PMA/ionomycin and stained the surface for IL-17A. Flow cytometry analysis revealed that IL-17A was displayed at the surface of a small population of CD4 ϩ T cells (0.89% Ϯ 0.10, n ϭ 11) (Fig. 1A ), in all donors tested. Unstimulated cells and cells treated with brefeldin A were completely devoid of surface IL-17A (data not shown), suggesting that active transport from the endoplasmic reticulum to the cell surface is required for membrane expression of IL-17A. After PMA/ionomycin stimulation, the percentage of cells expressing IL-17A on the surface was maximal at 6 h and declined steadily to minimum levels after 48 h of stimulation (Fig. 1B) , and always correlated with the frequency of IL-17A-producing cells detected by ICS. Surface IL-17A expression was also detected on CD4 ϩ T cells isolated from the spleen and the CNS of immunized mice 6 h after PMA/ionomycin stimulation ( Fig. 1C ), but again not in unstimulated cells or in the presence of brefeldin A. In the CNS, the proportion of CD4 ϩ T cells with intracellular IL-17A was 24.09%, and the frequency of surface IL-17A-positive cells was 24.07%, indicating that surface IL-17A faithfully reflects the presence of IL-17A-producing cells in different compartments. Moreover, biotinylation of cell surface proteins confirmed the presence of IL-17A on the cell membrane of PMA/ionomycin-stimulated human CD4 ϩ T cells (Fig. 1D ). To assess whether all IL-17A producing CD4 ϩ T cells also express IL-17A on their cell surface, we analyzed surface IL-17A expression on Th1 and Th17 TCC that we had previously generated (V. Brucklacher-Waldert, K. Stü rner, M. Kolster, J. Wolthausen, and E. Tolosa; submitted for publication). We found that all Th17 TCC displayed high amounts of IL-17A at the surface, while none of the Th1 TCC did (Fig. 1E ). Th1/17 clones, producing simultaneously IFN-␥ and IL-17A also expressed surface IL-17A at the cell surface, although the intensity of the staining was lower than for bona fide Th17 TCC (data not shown).
Surface IL-17A-expressing CD4 ϩ T cells are Th17 cells
We performed the following experiments to demonstrate that surface IL-17A positive CD4 ϩ cells are indeed Th17 cells. First, we separated CD4 ϩ T cells on the basis of their surface IL-17A expression using magnetic beads (Fig. 2, A and B) , or FACS sorting ( Fig. 2C ) and analyzed the positive and negative fractions for the expression of T cell lineage specific transcription factors. Surface IL-17A ϩ CD4 ϩ T cells expressed ROR␥t mRNA, while this transcription factor was barely detectable in surface IL-17 Ϫ CD4 ϩ T cells. T-bet, by contrast, was expressed at similar levels by Th1 and Th17 TCC (Fig. 2B) , as already described (26) . Second, after 10 days expansion of the purified subsets, we analyzed the surface IL-17A ϩ sorted subset by ICS and still found 35.5% of Th17 cells (Fig. 2C ). As expected, Ͻ1% of the expanded surface IL-17A Ϫ population contained Th17 cells. Finally, we measured IL-17A in the supernatants of surface IL-17A ϩ and surface IL-17 Ϫ populations during PMA/ionomycin expansion. IL-17A could be detected in the supernatant of the surface IL-17A ϩ fractions for nearly 2 wk after restimulation, whereas surface IL-17 Ϫ cells production was negligible (Fig. 2D ). In summary, the expression of ROR␥t and the stable production of IL-17A by expanded surface IL-17A ϩ cells identified surface IL-17A ϩ cells as Th17 cells.
Phenotypic characterization of surface IL-17A
The expression levels of surface molecules in ex vivo Th17 cells could be easily analyzed using surface IL-17A as a marker. We stimulated CD4 ϩ T cells with PMA/ionomycin and analyzed expression of surface markers 8 h after stimulation, when surface IL-17A expression is maximal, and again after 48 h, when cells are fully activated (Fig. 3, supplemental Fig. 1) . 4 Flow cytometric analysis showed that surface IL-17A ϩ cells are exclusively CD45RO ϩ memory cells, whereas surface IL-17A Ϫ cells were in average 69.07% Ϯ 9.82 CD45RO ϩ memory cells, 30.13% Ϯ 9.95 CD45RO Ϫ CD27 ϩ naive T cells and 0.8% Ϯ 0.28 CD45RO Ϫ CD27 Ϫ effector cells (n ϭ 4), representing altogether not only other polarized cells, but also the naive compartment (Fig. 3A) .
Next, we analyzed molecules involved in the recruitment into inflammatory tissues. We found that surface IL-17A ϩ CD4 ϩ T cells expressed significantly more CCR4, as reported for Th17 cells (26, 33, 34) , while CCR5 expression was comparable in both populations (Fig. 3B) . As expected, CCR6 was expressed significantly higher on surface IL-17A ϩ cells than on surface IL-17A ϩ T cell lysate. Human rIL-17A was used as positive control and GAPDH as a loading control for intracellular proteins. E, Resting Th1 (top) and Th17 (bottom) TCC were stimulated overnight with PMA/ionomycin and stained for surface IL-17A (left) or after permeabilization (right). Brefeldin A was added for intracellular cytokine detection. Data are representative of eight clones. cells (Fig. 3B) (26, 33, 34 Ϫ CD4 ϩ T cells and analyzed both subsets immediately for intracellular production of IFN-␥ and IL-17A. We found that IL-17A-producing cells were exclusively present in the CCR6 ϩ subset, whereas IFN-␥ producing CD4
ϩ T cells could be detected in both CCR6
ϩ and CCR6 Ϫ populations (Fig. 3G) , indicating that CCR6 is not an exclusive marker for Th17 cells. We next analyzed the differential expression of molecules involved in adhesion to endothelial tissue. CD49d was expressed at much higher levels on surface IL-17A ϩ cells early after activation, whereas CD6, the ligand for activated leukocyte cell adhesion molecule-1, expression was comparable in both subsets (Fig. 3C) .
Proliferation and survival of T cells depend on the combination of signals provided by costimulatory molecules. Although CD28 is constitutively present in most T cells, CTLA-4 (CD152) is upregulated relatively late after activation. We found that expression of CD28 was significantly higher in surface IL-17A ϩ cells compared with surface IL-17A
Ϫ cells both 8 and 48 h after activation (Fig. 3D) . Remarkably, the T cell proliferation inhibitor CTLA-4 was expressed by nearly 70% of the surface IL-17A
ϩ cells already at the early activation time point (supplemental Fig. 1 ), suggesting constitutive CTLA-4 expression in Th17 cells. In contrast, CTLA-4 expression in surface IL-17A
Ϫ cells was expressed at lower levels, and stayed low after 48 h of stimulation. Two further members of the CD28 family, ICOS and PD-1, were expressed at low levels after 8 h and showed after 48 h stimulation a higher expression on surface IL-17A ϩ cells (Fig. 3D) . The receptors for the T cell growth factors IL-2 and IL-7 were also compared between surface IL-17A
Ϫ and surface IL-17A ϩ cells (Fig. 3E ). CD25 (IL-2R␣-chain) was barely detectable in both cell subsets 8 h after stimulation, but was up-regulated after 48 h, and at a higher extent in the surface IL-17A ϩ compartment. CD122 (IL-2R␤-chain) was also up-regulated later after activation, and more noticeably in the surface IL-17A ϩ cells, whereas CD132 (IL-2R␥-chain) was up-regulated in the same cells already 8 h after stimulation. CD127, the IL-7R␣-chain, was constitutively expressed in all T cells except regulatory cells, and down-regulated upon activation. The levels of CD127 were slightly higher also in Th17 cells (Fig. 3E) . Finally, we investigated T cell activation markers. The early activation markers CD5 and CD69 were expressed at comparable levels in both populations, while the T cell-APC contact promoting CD2 was expressed at significantly higher levels on surface IL-17A ϩ cells than on surface IL-17A Ϫ cells. CD62L (Lselectin), which is down-regulated after activation, was expressed at similarly low levels in both (Fig. 3F) . It has been recently published that Th17 cells express CD161, a C-lectin present on NK cells (35) . We checked for coexpression of CD161 and surface IL-17A, however, because CD161 is down-regulated upon activation and surface IL-17A only appears after stimulation, it was not possible to prove directly that both molecules are coexpressed. We then sorted CD161 negative and positive cells, stimulated them with PMA/ionomycin, and proceeded with IL-17A staining. Surface IL-17A ϩ cells are mostly contained in the CD161 ϩ subset (3.39% in contrast to 0.19% in the CD161-subset), similar to Th17 cells defined by cytoplasmic expression of IL-17A. In contrast, Th1 cells are similarly distributed in the CD161 Ϫ and CD161 ϩ compartments (16.5 and 13%, respectively) (Fig. 3H) . Altogether, our results indicate that surface IL-17A ϩ cells show a higher level of basal activation, and also express higher levels of costimulatory and adhesion molecules than cells expressing no IL-17A. In addition, we show that surface IL-17A ϩ are contained in the CCR6 ϩ and CD161 ϩ fractions of CD4 ϩ T cells.
Th1/17 TCC generated on the basis of surface IL-17A expression show plasticity to the environment
As mentioned above, we have observed that bona fide Th17 TCC express high amounts of IL-17A on their surface whereas Th1/17 TCC, producing simultaneously IL-17 and IFN-␥, express less surface IL-17A and Th1 clones are devoid of surface IL-17A. To test whether we could generate TCC with different effector phenotypes from cells expressing different levels of surface IL-17A, we sorted surface IL-17A Ϫ , surface IL-17A int , and surface IL-17A ϩ cells onto 96-well plates at one cell per well (Fig. 4A) . After restimulation, the cytokine profile and clonality of these cells lines were analyzed. Intracellular cytokine staining showed that surface IL-17A
Ϫ cells gave rise exclusively to Th1 cell lines (n ϭ 13), while surface IL-17A high resulted in 13 Th17 cell lines and three T cell lines producing both IL-17A and IFN-␥. In contrast, cells expressing intermediate levels of IL-17A generated 15 Th1/17 doubleproducing cell lines and three Th1 cell lines. We assessed the TCR V␤ from eight selected Th1/17 cell lines and, after confirming their clonality, used them for further studies. As shown in Fig. 4A , some of these Th1/17 TCC contained individual cells producing either IFN-␥ or IL-17A or both cytokines simultaneously (TCC 051 and TCC 049), while some clones gave rise to cells producing only IFN-␥ and cells producing both cytokines (TCC 045) and finally some TCC had individual cells producing only IL-17 and cells producing both cytokines (TCC068). To determine whether the heterogeneous cytokine profile of Th1/17 clones cells was mirrored at transcriptional level, we performed RT-PCR analysis of the relevant transcription factors and cytokines (Fig. 4B) . As expected, bona fide Th17 clones expressed ROR␥t and IL-17A mRNA, while Th1 TCC were negative for both of them and expressed instead IFN-␥. T-bet was equally expressed in Th1 and Th17 TCC, as we had already seen in ex vivo Th17 cells. The receptor for IL-23, a cytokine involved in the maintenance of Th17 cells, was undetectable in Th1 TCC, but clearly present in Th17 TCC. Remarkably, Th1/17 clones expressed the highest levels of ROR␥t, IL-17A and IL-23R, but also of IFN-␥, T-bet, and FOXP3. The Th2 cell specific transcription factor GATA-3 was equally expressed at low levels in all TCC. By following up the sorted TCC over several rounds of restimulation, we observed that, in the absence of cytokines, the phenotype of Th1 and Th17 TCC remained stable, while Th1/17 clones changed their cytokine profile toward less IL-17A and more IFN-␥ production, suggesting that they are in a transitional phase rather than being a stable phenotype (Fig. 4C) . We addressed their capacity to respond to environment by culturing these cells in the presence IL-23 or IL-12, cytokines that promote or stabilize the development of Th17 and Th1 cells, respectively. As shown in Fig. 4D , IL-23 moderately increased the percentage of cells producing IL-17A, whereas the Th1 cell-promoting IL-12 markedly decreased the expression of IL-17A and increased that of IFN-␥. IFN-␥ production by Th1 TCC was not drastically affected by either the addition of IL-23 or IL-12, while addition of IL-12 to the Th17 TCC resulted in the decrease of cells producing solely IL-17A and a corresponding increase in the percentage of double producers. Thus, Th1/17 and Th17 clones respond to changes in their cytokine environment.
Surface IL-17A on CD4 ϩ T cells is not presented by IL-17R
Cytokines can be displayed on the cell surface either bound to a receptor or directly anchored at the cell membrane by means of a transmembrane domain. First, we looked for expression of the IL-17R that could present IL-17A on the surface of CD4 ϩ T cells. Flow cytometry analysis revealed that all monocytes expressed IL-17R, while only a minority of unstimulated (Fig. 5A) and PMA/ ionomycin-stimulated (data not shown) human CD4 ϩ T cells expressed IL-17R on their membrane. When stimulated cells were double stained for surface IL-17A and IL-17R, we found no coexpression of the two molecules (Fig. 5B) . In addition, blocking of the IL-17R by anti-IL-17R Abs did not prevent surface IL-17A expression (data not shown). PCR analysis of TCC showed similarly low expression of IL-17R in both Th17 and Th1 cells (Fig.  5C) . Moreover, surface IL-17A expression could also be detected in CD4
ϩ T cells of the IL-17R-deficient mice (Fig. 5D) . These results suggest IL-17A is not bound to the IL-17R. Next, we predicted potential transmembrane domains using the TMHMM and MINNOU programs and revealed that IL-17A generally lacks a transmembrane domain and appears to be a soluble protein (Fig.  5E ). Given that IL-17A is functional in vivo as a heterodimer of IL-17A and IL-17F (7, 36), we tested the presence of a transmembrane domain in the IL-17F sequence. Interestingly, IL-17F contains a sequence compatible with a classical transmembrane domain, as predicted by TMHMM and MINNOU (Fig. 5E) . Analysis of PMA/ionomycin-stimulated Th17 TCC showed that Th17 cells express IL-17F in addition to IL-17A (Fig. 5, F and G) . More definitively, we found IL-17F expressed on the surface of a subset of CD4 ϩ T cells (Fig. 5H) . Simultaneous surface staining of IL-17A and IL-17F did show very dim staining of both molecules when compared with the individual stainings, and coexpression was not detectable (data not shown), possibly because of sterical hindrance of anti-IL-17A and anti-IL-17F Abs due to a spatial association of both cytokines. To overcome this problem, we sorted CD4 ϩ T cells into surface IL-17A ϩ and IL-17F ϩ cells. After 10 days to allow cells to rest, both sorted populations were stimulated again with PMA/ionomycin and subsequently stained with the two Abs (single staining for the surface, double staining for the cytoplasm, Fig. 5H ). Sorted IL-17A ϩ cells were clearly positive for both IL-17A, and at a lesser extent, for IL-17F, while IL-17A Ϫ cells were negative for both IL-17 molecules, both in the surface and in the cytoplasm. The reciprocal experiment showed similar results, although the levels of expression of the IL-17A and IL-17F molecules were lower. Intracellular staining of both sorted IL-17A ϩ and IL-17F ϩ populations showed that the majority of cells coexpress intracellularly both cytokines. Remarkably, in some cells, only IL-17A could be detected intracellularly, possibly because anti-IL-17A and anti-IL-17F Abs compete on already dimerized IL-17A/IL-17F complexes. In sorted IL-17
Ϫ cells neither IL-17A nor IL-17F were detected on the surface or intracellularly. Even though we cannot discard that IL-17A is bound to a yet unknown IL-17R or is in association with other members of the IL-17 family, our data support the hypothesis that IL-17A is transiently displayed at the cell surface forming a heterodimer with membrane-bound IL-17F.
Discussion
We report in this study that both IL-17A and IL-17F are displayed on the cell surface of a subset of activated CD4 ϩ T cells. The expression of surface IL-17A correlates with intracellular IL-17A expression in human and murine CD4 ϩ T cells in different compartments, however, there is always some degree of discrepancy between the percentage of positive cells in the surface and the intracellular staining. Indeed, the MFI of the surface staining is always lower than intracellular, probably indicating that there are less IL-17A molecules present at the cell surface than inside the cell. In the first case, IL-17A is only transiently expressed on its way to secretion, while the amount of intracellular IL-17A is artificially enhanced by brefeldin A, which blocks the transport to the cell surface. The lower MFI results in less resolution between positive and negative cells, and thus in differences in the percentages. IL-10 and IFN-␥ have also been described on the surface of activated T cells in the absence of a specific receptor (37, 38) . However, in both cases a sensitivity-enhancing staining method was required for detection, probably due to a very low expression, while surface IL-17A can be detected by conventional flow cytometry using commercially available fluorochrome-labeled anti-IL-17A Abs. Our data show that the surface IL-17A ϩ cells are bona fide Th17 cells, and thus surface IL-17A can be used as a specific surface marker for this Th subset. Moreover, we have used surface IL-17A for the isolation of ex vivo Th17 cells by magneticand fluorescence-activated cell sorting. A method for ex vivo isolation of human Th17 cells using a bispecific Ab against CD45 and IL-17A for capturing IL-17-secreting cells has been recently reported (39). However, this method requires previous preparation of ϩ T cells were sorted on the basis of surface IL-17A and IL-17F expression, allowed to rest for 10 days and then stimulated with PMA/ ionomycin for 6 h and stained for surface IL-17A and IL-17F independently (left and middle, respectively) or together (right) for intracellular detection. The histograms show the levels of staining of the indicated surface cytokine (f) in comparison to the isotype control (u) staining. The dot plot shows the intracellular staining for both cytokines for each population.
reagents, needs long handling times, and has the risk of unspecific bystander detection.
Using surface IL-17A expression as a marker for Th17 cells, we have analyzed the ex vivo phenotype of this subset in human peripheral blood in comparison to IL-17A-negative cells. The higher expression and up-regulation of CD2, costimulatory molecules, activation markers, and of CD49d on surface IL-17A ϩ indicates that Th17 cells are better equipped for recruitment into inflamed tissues, activation, and proliferation. Higher expression of CCR6, CD49d, CD28, CTLA-4, CD25, and CD2 was also observed in Th17 TCC when compared with Th1 TCC generated from peripheral blood and cerebrospinal fluid of a patient with multiple sclerosis (V. Brucklacher-Waldert, K. Stürner, M. Kolster, J. Wolthausen, and E. Tolosa; submitted for publication), supporting the view of Th17 cells as a potent effector T cells subset.
Our analysis confirmed the higher expression of CCR6 and the coexpression of CD161 by Th17 cells already described by others (26, (33) (34) (35) . CCR6 and CD161, alone and in combination, are currently used as markers for the enrichment of Th17 cells, however, both CD161 ϩ and CCR6 ϩ and even the double-positive cells can give rise to Th1 cells in addition to IL-17A-producing cells. In contrast, cells selected on the basis of high surface IL-17A generated only Th17 or Th1/17 clones, but never Th1 cells. Very interestingly, the levels of surface expression of IL-17A seem to indicate the commitment to the Th phenotype: surface IL-17A Ϫ cells gave rise exclusively to Th1 clones; surface IL-17A high cells produced mostly Th17 TCC and a few Th1/17 TCC. In contrast, sorting on the basis of surface IL-17A int cells produced mostly TCC expressing both cytokines. When we analyzed the TCC for transcription factor expression, we found that ROR␥t was highly expressed in Th17 TCC and nearly absent from the Th1 TCC. T-bet, by contrast, was found at similar levels in Th1 and Th17 clones, indicating that T-bet is not exclusive of Th1 cells, in agreement with data showing that T-bet can directly regulate transcription of the IL-23R, and therefore influence the fate of Th17 cells (40) . Interestingly, Th1/17 double producer TCC expressed higher levels of ROR␥t, IL17A, and IL23R, and also T-bet and IFN-␥ mRNA than bona fide Th17 or Th1 cells, respectively. FoxP3 was again highest in this population, whereas GATA-3 showed similar low levels in all subsets. The high expression of Th1-and Th17-specific transcription factors suggested the capability of Th1/17 cells to differentiate into one of these T cell lineages. We characterized these clones assuming that they would show some plasticity in response to the provided cytokine milieu, and indeed we found that the presence of IL-12 drove cells to more IFN-␥ production, as it has already been described (26) , whereas IL-23 would preserve and increase IL-17A expression. These results demonstrate a certain degree of plasticity of human Th1/17 and also Th17 clones in response to the cytokine milieu.
The mechanism of cytokine surface expression is not clear, because IL-17A does not harbor a classical transmembrane domain. The presence of IL-17A at the cell surface was only detectable a few hours after stimulation, and was blocked in the presence of brefeldin A, suggesting that the cytokine is actively transported to the cell membrane, where it stays transiently. Our data excluded the presentation of IL-17A on the surface by the known specific receptors, and the specificity of surface IL-17A expression by IL-17A-producing cells makes it unlikely that IL-17A binds nonspecifically to sugar moieties or other molecules on the surface of the cells. IL-17F has a transmembrane domain, is expressed by activated CD4 ϩ T cells (our own data and Ref. 41) , and it is present at the cell surface of cells previously sorted for high IL-17A expression. Thus, we suggest that IL-17A is displayed at the cell membrane forming a complex together with IL-17F, as it has been described for lymphotoxin ␣, which does not contain a transmembrane domain and it appears at the cell surface anchored via lymphotoxin ␤ (42). A heterodimeric form of IL-17 comprising IL-17A and IL-17F and its biological function has already been described (7) . The biological activity of this IL-17A surface form is still unknown, but it may have distinct functions, for instance it might serve as a ligand for IL-17R expressed on APCs to prolong cytokine signaling in T/APC clusters (43), or on endothelial cells (44) . This may provide a cell contact-dependent signal for transmigration of surface IL-17A positive cells through vascular endothelial cells expressing IL-17 receptor (44) .
Our data show that surface IL-17A constitutes a unique marker for the unambiguous identification and isolation of viable Th17 cell. By analyzing phenotypically surface IL-17A ϩ CD4 ϩ T cells, we show that human ex vivo Th17 cells express high levels of costimulatory and adhesion molecules as well as activation markers, indicating the potential of Th17 cells as potent effector T cells. In addition, we could consistently generate Th1/17 T cell clones derived from intermediate surface IL-17A-expressing cells, and these clones adapted their phenotype to the cytokine milieu, providing evidence for the plasticity of human Th1/17 cells.
